Autism spectrum disorders (ASD) impair social cognition and communication, key higher order functions centered in the human neocortex. The assembly of neocortical circuitry is a precisely regulated developmental process susceptible to genetic alterations that can ultimately affect cognitive abilities. Because ASD is an early onset neurodevelopmental disorder that disrupts functions executed by the neocortex, miswiring of neocortical circuits has been hypothesized to be an underlying mechanism of ASD. This possibility is supported by emerging genetic findings and data from imaging studies. Recent research on neocortical development has identified transcription factors (TFs) as key determinants of neocortical circuit assembly, mediating diverse processes including neuronal specification, migration, and wiring. Many of these TFs (TBR1, SOX5, FEZF2, and SATB2) have been implicated in ASD. Here, I will discuss the functional roles of these transcriptional programs in neocortical circuit development and their neurobiological implications for the emerging etiology of ASD.
Introduction
Evolution of the neocortex is thought to underlie our species' remarkable cognitive, perceptive, and motor capabilities. It has been hypothesized that evolutionary advances in neocortical organization and circuitry, while enabling higher cognition, may have also increased our species' susceptibility to disorders that affect cognition. Autism spectrum disorders (ASD) impair higher cognitive functions executed by the human neocortex, including social reciprocity and communication. Although the mechanisms underlying ASD remain largely mysterious, emerging biological insights from genetic and imaging studies have implicated abnormal neocortical circuit assembly in ASD. The acquisition of neocortical organization and circuitry requires the coordinated execution of a series of developmental processes, including the specification of neuronal identity, neuronal migration, and wiring of neural circuits. In recent studies, transcription factors (TFs) have emerged as critical determinants of neocortical development (Kwan et al., 2012b; 
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Int Rev Neurobiol. 2013 ; 113: 167-205. doi:10.1016 /B978-0-12-418700-9.00006-X. al., 2008 MacDonald et al., 2012; Molyneaux et al., 2007; Rash and Grove, 2006; Rubenstein, 2011) . Interestingly, many TFs that are required for the development of neocortical circuitry have been implicated in ASD. In this chapter, I will review the function of these ASD-implicated transcriptional mechanisms during neocortical development and discuss the insights they provide into the neurobiology underpinning ASD.
Although ASD is a strongly heritable disorder, phenotypic and genetic heterogeneity have impeded progress towards identifying loci that carry definitive risk. Reliable genetic findings, however, have begun to emerge from studies that utilized high-throughput methodologies to analyze well-characterized populations of patients and families (Iossifov et al., 2012; Jiang et al., 2013; Neale et al., 2012; O'Roak et al., 2012a; O'Roak et al., 2012b; Sanders et al., 2011; Sanders et al., 2012; Sebat et al., 2007; Talkowski et al., 2012; Weiss et al., 2003) . From these data, it is now clear that no single locus accounts for more than 1% of ASD cases, with contributing loci likely numbering in the hundreds. Perhaps somewhat ironically, the genetic heterogeneity that has hindered progress in the previous decades may now provide an opportunity to illuminate the biological underpinnings of ASD, since the increasing number of genes makes possible analyses of convergent molecular pathways and cellular processes (State and Šestan, 2012) . Indeed, this strategy has been used to intersect ASD-implicated genes with those that interact with FMRP (Iossifov et al., 2012) , the RNA binding protein that is lost in fragile X syndrome, which is the leading monogenic cause of intellectual disability and syndromic autism (Chonchaiya et al., 2009 ). This analysis found that a significant number of ASD candidate genes are associated with FMRP, which is consistent with the possibility that common molecular pathways underlie autism and fragile X syndrome. In addition, weighted gene co-expression network analysis can reveal previously un-recognized connections between ASD risk genes. One such example of this unbiased approach was used to analyze gene expression in differentiating normal human neuronal progenitors, which revealed a significant overlap with ASD susceptibility genes annotated by the SFARI database (http://gene.sfari.org) (Konopka et al., 2012b) . Future studies of the relationship between loci that confer ASD risks are likely to lead to additional insights about the neurobiological underpinnings of ASD.
With accumulating genetic data, it may now be possible to better pinpoint the timing and location of the biological events most relevant to the etiology of ASD. This possibility is facilitated by recent transcriptomic studies from multiple groups that have focused on spatio-temporal analyses of gene expression in the human brain (Colantuoni et al., 2011; Johnson et al., 2009; Kang et al., 2011) . Available data from one of these resources (http:// www.humanbraintranscriptome.org) revealed that many of the most reliable risk-carrying loci exhibit a sharp upregulation in the neocortex during the mid-fetal period (red arrowhead in Fig. 1 ) (State and Šestan, 2012) , a key developmental window for the acquisition of neocortical organization and neural circuits. This distinct mid-gestation developmental pattern, which is not consistently observed in other brain regions ( Fig. 1) , suggests that ASD-associated genes may converge on pathways that function during the structural development and neural circuit wiring of the neocortex.
Additional evidence further implicate the mid-fetal period of neocortical development in ASD. Neuronal migration, the process by which new-born neurons are positioned away from the germinal zones and towards their correct mantle layer destinations (Angevine and Sidman, 1961; Caviness, 1982; Lambert de Rouvroit and Goffinet, 1998; Rakic, 1974) , occurs during early-to mid-gestation and has been shown to be disrupted in some ASD patients (Hutsler et al., 2007; Peñagarikano et al., 2011; Wegiel et al., 2010) . Furthermore, there is evidence for abnormalities in the minicolumnar organization of neocortical neurons in cases of ASD and other neuropsychiatric disorders (Casanova et al., 2002) . Neocortical minicolumns, which are composed of vertically arranged neurons connected into a local network, are thought to originate from developmental radial units and their formation is likely to be related to neuronal migration during the fetal period (Mountcastle, 1997; Peters, 2010; Rakic, 1988) . Interestingly, even subtle alterations in the arrangement and spacing of minicolumns, which are basic units of neocortical neural circuitry, can significantly alter the architecture of inhibitory connectivity in the neocortex (Casanova et al., 2003) . The alteration of mid-fetal processes required for the structural development of the neocortex, therefore, may have global consequences on the functioning of neocortical circuits that can contribute to ASD.
Indeed, functional disruption of neocortical connectivity has been hypothesized to underlie ASD and other neurodevelopmental disorders. Evidence supporting the dis-or underconnectivity theory of ASD has been reviewed elsewhere (Geschwind and Levitt, 2007; Just et al., 2012) . In particular, data from some functional imaging studies support a reduction in the communication bandwidth between frontal and parietal areas, which leads to a redistribution of executive capability from the frontal areas to the posterior areas of the neocortex (Just et al., 2012) . This decrease in fronto-posterior functional connectivity, as assessed by synchronized activity, is thought to lead to diverse consequences in neocortical function consistent with the widespread phenotypes of ASD.
Data from anatomical imaging studies have also implicated alterations in neocortical connectivity. Studies of axonal fiber tracts by diffusion tension imaging (DTI) have consistently reported reductions in callosal projections in ASD, in both young and adult patients Keller et al., 2007; Kumar et al., 2010; Shukla et al., 2010; Weinstein et al., 2011) . As the corpus callosum is the most prominent intracortical tract, alterations therein may indicate additional changes to other intracortical connections. Indeed, decreases in intrahemispheric connectivity have also been implicated in ASD (Ingalhalikar et al., 2011; Kumar et al., 2010; Lange et al., 2010; Lee et al., 2007; Nagae et al., 2012; Shukla et al., 2010; Sundaram et al., 2008; Weinstein et al., 2011) . In addition to intracortical connectivity, defects in corticofugal tracts have been reported in ASD as well (Ingalhalikar et al., 2011; Wolff et al., 2012) , suggesting more widespread changes to neocortical connections.
Interestingly, these changes do not simply reflect a general decrease in connectivity but may be the outcome of altered developmental trajectories during the formation of these axonal projections. In a recent longitudinal study of high risk infants (younger siblings of ASD children), axon tract development was prospectively studied from 6 to 24 months of age (Wolff et al., 2012) . Comparison between infants who developed ASD and those who did not revealed altered developmental trajectories in 12 out of 15 white matter pathways examined, with a transient increase in fractional anisotropy at 6 months of age followed by a sustained decrease likely lasting beyond 24 months. These data suggest that the alterations to neural connectivity in ASD have emerged by early postnatal development, preceding the onset of behavioral abnormalities, and are widespread in the neocortex, affecting both intracortical and corticofugal connections.
ASD is, fundamentally, a disorder of development. Consistent with the early childhood onset of the disorder, the aberrant neocortical circuits in ASD are likely to be developmental in origin, resulting from defective fetal and early postnatal mechanisms, a possibility supported by converging genetic and imaging data. Below, I will first provide an overview of the cellular processes that underlie the structural development of the neocortex and the assembly of its neural circuits. This will be followed by a discussion of the roles of four ASD-implicated transcriptional programs in multiple aspects of neocortical development and their potential contribution to the pathophysiology of ASD.
The organization of the cerebral cortex
The cerebral cortex, a thin sheet of gray matter at the most superficial part of the cerebral hemispheres, is involved in conscious sensory, cognitive, and motor processes. The emergence of the six-layered neocortex, phylogenetically the most recent division of the cerebral cortex, is thought to be a key advance in mammalian evolution and higher order brain function (Nieuwenhuys, 1994; Northcutt and Kaas, 1995) . The neocortex is organized, cytoarchitectonically and functionally, into six horizontal laminae, layer (L) 1 to L6 (DeFelipe and Farinas, 1992; Jones, 1986; Mountcastle, 1997; O'Leary and Koester, 1993) , and numerous tangential areas, broadly classified as sensory, motor, or association (O'Leary and Sahara, 2008; Rakic, 1988; Rash and Grove, 2006) . Neocortical neuronal identity and connectivity exhibit considerable laminar and areal dependence that is well conserved among mammalian species, suggesting that the establishment of this complex neocortical organization is likely to be critical to neocortical function. Accordingly, the incorrect acquisition of organization and circuitry during neocortical development may contribute to cognitive impairments and increased susceptibility to psychiatric and neurological disorders (Liu, 2011; Manzini and Walsh, 2011; Rubenstein, 2011; Valiente and Marín, 2010) .
Present within each horizontal layer of the neocortex is a unique complement of glutamatergic excitatory projection (pyramidal) neurons and GABAergic inhibitory interneurons (DeFelipe and Farinas, 1992; Jones, 1986) . The projection neurons, which account for approximately 80% of all neocortical neurons, extend long axonal projections. Intracortical projections connect proximal and distal regions of the neocortex, whereas corticofugal projections, which constitute the neocortical output system, connect the neocortex with subcortical brain structures. Projection neurons, which develop post-synaptic specializations known as dendritic spines, are also the largest input system, being the major target of afferents from other structures of the brain (DeFelipe and Farinas, 1992; O'Leary and Koester, 1993) . Positioned within L2-L6, projection neurons exhibit layer-and subtypedependent differences in molecular identity and axonal projections ( Fig. 2 ) (DeFelipe and Farinas, 1992; Kwan et al., 2012b; Leone et al., 2008; MacDonald et al., 2012; Molyneaux et al., 2007; O'Leary and Koester, 1993) . Corticofugal axonal projections originate strictly from the deep layers (L5 and L6) and the subplate (SP), a neocortical structure that contains early-born neurons positioned between L6 and white matter (MW) (Allendoerfer and Shatz, 1994; Herrmann et al., 1994; Rakic, 1980, 1990; Molliver et al., 1973; Rakic, 1976) . Axons that innervate the thalamus, which form the corticothalamic tract, originate largely from SP and L6, whereas axons that project subcerebrally, including the corticotectal, corticobulbar, and corticospinal tracts, arise exclusively from L5. Projection neurons positioned in the upper layers (L2-L4), in contrast, project only within the cortex, either intrahemispherically or contralaterally. The corpus callosum, which is formed by contralateral intracortical axons, enables communication between the two cerebral hemispheres. Neural imaging studies have implicated alternations to this layer-dependent neocortical connectivity in ASD. In particular, deficits in intracortical axon tracts, most notably the corpus callosum, have been strongly implicated Ingalhalikar et al., 2011; Keller et al., 2007; Kumar et al., 2010; Lange et al., 2010; Nagae et al., 2012; Shukla et al., 2010; Sundaram et al., 2008; Weinstein et al., 2011) . Changes in corticofugal connectivites, including the internal capsule, have been reported as well (Ingalhalikar et al., 2011; Wolff et al., 2012) .
The generation and migration of neocortical projection neurons
Diverse subtypes of neocortical projection neurons are generated from terminal divisions that take place within the germinal zones of the dorsal telencephalon, namely the ventricular and subventricular zones (VZ and SVZ) and undergo radial migration to their destination in the mantle layers of the neocortex (Fig. 2 ) (Angevine and Sidman, 1961; Rakic, 1974) . Prior to the onset of neurogenesis, the dorsal telencephalic VZ is composed of proliferating neuroepithelial progenitors (NPs), which primarily undergo symmetric divisions, generating two daughter cells that would re-enter the cell cycle and thus exponentially expand the pool of NPs (Caviness et al., 1995; Rakic, 1995) . At the onset of neurogenesis, around embryonic day (E) 10.5 in the mouse, some NPs assume radial glial morphology to become radial glial cells (RGCs) (Rakic, 1971) . RGCs function as progenitors for projection neurons both directly, by undergoing neurogenic divisions in the VZ (Anthony et al., 2004; Malatesta et al., 2003; Miyata et al., 2004; Noctor et al., 2004) , and indirectly, by giving rise to intermediate progenitors (IPs), which migrate away from the VZ and undergo further neurogenic divisions in the SVZ (Englund et al., 2005; Kowalczyk et al., 2009; Noctor et al., 2008; Sessa et al., 2010) . In addition, RGCs provide a scaffold for the radial migration of their neuronal progeny into the mantle layers (Bentivoglio and Mazzarello, 1999; Rakic, 1971) .
The earliest neocortical neurons form a band of cells, termed the preplate (PP), at the superficial part of the cerebral wall ( Fig. 2 ) (De Carlos and O'Leary, 1992; Marin-Padilla, 1971; Marin-Padilla, 1978; The Boulder Committee, 1970) . The first projection neurons, generated around E11.5 in the mouse, migrate radially away from the VZ and through the IZ before settling as a layer within the PP to form the nascent cortical plate (CP), from which L2-L6 of the neocortex would eventually emerge (Marin-Padilla, 1978) . With the incoming CP neurons, the PP is split into two layers; the superficial marginal zone (MZ), which forms L1 of the postnatal cortex, and the deeper SP, which is positioned below L6. The early-born neurons of the MZ and SP are the first to mature morphologically and synaptically, form pioneering connections, and play a key role in the subsequent migration of CP neurons and assembly of cortical input and output circuits (Allendoerfer and Shatz, 1994; Herrmann et al., 1994; Rakic, 1980, 1990; Molliver et al., 1973; Rakic, 1976) . Interestingly, the SP is enriched in its expression of ASD-implicated genes (Hoerder-Suabedissen et al., 2013) , which is consistent with the possibility that defects in SP pioneering connections may contribute to wider disruption of neocortical wiring relevant to ASD.
From E11.5 to E16.5 in the mouse, neurogenesis progresses to produce, in a sequential manner, diverse subtypes of neocortical projection neurons (Fig. 2) . Because newly generated neurons migrate past older, post-migratory neurons to settle within the most superficial portion of the CP, projection neurons are added to the CP following an insidefirst, outside-last (L6 to L2) sequence (Angevine and Sidman, 1961; Caviness, 1982; Lambert de Rouvroit and Goffinet, 1998; Rakic, 1974) . At the end of radial migration, newly post-migratory neurons undergo molecular and morphological differentiation into diverse neuronal subtypes and form neural circuits appropriate of their layer location (Anton et al., 1999; D'Arcangelo and Curran, 1998; Lambert de Rouvroit and Goffinet, 1998; Yokota et al., 2007) .
The sequential nature of neocortical neurogenesis from related progenitor lineages directly links neuronal birth-date and location of terminal division to neuronal position, identity, and axonal connectivity (Fig. 2 ). During early cortical neurogenesis (~E11.5-E13.5 in the mouse), the majority of neurons are generated directly via asymmetric neurogenic divisions in the VZ. These early-born neurons are mostly destined for the deep neocortical layers that comprise the corticofugal output of the neocortex. Later in neurogenesis (~E14.5-E16.5), many neurons are derived indirectly through divisions of IPs in the SVZ (Noctor et al., 2004; Sessa et al., 2010; Tabata et al., 2009; Tarabykin et al., 2001 ). These late-born neurons are mostly destined for the upper layers that form intracortical connections and extensively innervate the corpus callosum. IPs are thought to contribute a significant number of cortical projection neurons (Haubensak et al., 2004; Miyata et al., 2004) and may have played a role in the relatively recent evolutionary increases in upper-layer intracortical projections in the primates (Marín-Padilla, 1992) . Consistent with this possibility, many primates, and a number of other mammals with large brains, have a specialized zone containing additional IPs known as the outer SVZ (oSVZ) (Lui et al., 2011) . Because the SVZ contributes to a significant number of upper-layer neurons, perturbation in subventricular divisions may more severely alter intracortical connectivity, which has been implicated in ASD.
Defects in neurogenesis and neuronal migration can lead to severe brain malformations in humans (Kerjan and Gleeson, 2007; Liu, 2011; Manzini and Walsh, 2011; Thornton and Woods, 2009) . Mutations affecting the cellular machinery required for VZ mitoses, most notably mechanisms involving the assembly of the centrosome, can lead to primary microcephaly, whereas as mismigration can lead to lissencephaly and gyration disorders.
Perhaps the most widely studied neuronal migration phenotype is that of the Reeler mutant. In mice with the Reeler mutation, new-born projection neurons are able to migrate away from the germinal zones and through the IZ, but fail to migrate past older neurons within the CP, prematurely arresting immediately below (Rice and Curran, 2001; Tissir and Goffinet, 2003) . As a result of this failure at the final step of neuronal migration, the partitioning of the PP is defective and the ordering of L2-SP becomes inverted. Reeler mice have a loss-offunction mutation in Reln, which encodes an extracellular matrix protein secreted by CajalRetzius (CR) neurons positioned in the MZ. Importantly, multiple studies have shown RELN to be a genetic risk factor in ASD (Holt et al., 2010; Kelemenova et al., 2010; Li et al., 2008; Persico et al., 2001; Serajee et al., 2006; Skaar et al., 2005) , suggesting that altered neuronal positioning in the neocortex may underlie some ASD cases.
In addition to gross structural abnormalities, defective neuronal migration can lead to more subtle alterations, including changes to the columnar organization of the human neocortex (Kwan et al., 2012a; Mountcastle, 1997; Rakic, 1988) . In addition to altered arrangement of neocortical minicolumns, which has been reported in the post-mortem brains of ASD and schizophrenic patients (Casanova et al., 2003; Casanova et al., 2002) , other detailed studies of neuropathology have also revealed subtle neuronal migration defects in a proportion of examined autistic brains (Hutsler et al., 2007; Uppal and Hof, 2013; Wegiel et al., 2010) . Furthermore, the absence of contactin associated protein-like 2 (CNTNAP2, previously known as CASPR2), which has been implicated in ASD, leads to migration defects in both mice and humans (Peñagarikano et al., 2011; Strauss et al., 2006) . Together, these data corroborate the possibility that mismigration of neocortical projection neurons, and potential associated changes in neural circuitry, can contribute to ASD and other neurodevelopmental disorders.
Generation and migration of neocortical inhibitory interneurons
Layer-dependent differences in the neocortex are further augmented by the remaining approximately 20% of neocortical neurons. The interneurons of distinct morphological, neurochemical, and electrophysiological subtype, also populate the neocortex with selective layer preferences (Markram et al., 2004; Miyoshi et al., 2007; Miyoshi and Fishell, 2011) . Neocortical interneurons are generated from progenitors in the ventral forebrain, primarily within the medial and caudal ganglionic eminences (MGE and CGE) (Anderson et al., 1997; Marín and Rubenstein, 2003; Nadarajah and Parnavelas, 2002; Wonders and Anderson, 2006; Xu et al., 2004) . In order to reach the neocortex, newborn interneurons undergo tangential migration, primarily via migratory corridors above or below the CP. Upon arrival to their destination cortical area, interneurons undergo radial migration to enter the CP (Ang et al., 2003; Nadarajah and Parnavelas, 2002; Yokota et al., 2007) before settling into cortex lamina based on their subtype, origin, and birthdate (Miyoshi and Fishell, 2011; Miyoshi et al., 2010) .
Disruption of the balance between cortical excitation and inhibition has been hypothesized to be relevant to ASD (Rubenstein and Merzenich, 2003) , as suggested by the high proportion of ASD patients that suffer from epilepsy and other observations. Alterations to the generation, migration, and wiring of interneurons, therefore, may contribute to this mechanism. Consistent with this possibility, genes that are critical to the early specification of interneuronal progenitors (genes of the Dlx family) have been associated with ASD (Liu et al., 2009; Nakashima et al., 2010) . Furthermore, defective GABAergic signaling has been reported to underlie some ASD-related phenotypes in Rett syndrome (Chao et al., 2010) .
Transcriptional regulation of ASD-related layer-dependent identity and connectivity
The molecular mechanisms regulating the layer-dependent identities and connectivities of distinct neocortical projection neurons are being unraveled (Fishell and Hanashima, 2008; Kwan et al., 2012b; Leone et al., 2008; MacDonald et al., 2012; Molyneaux et al., 2007; Polleux et al., 2007; Rash and Grove, 2006) . Although much remains unknown, genes expressed in layer-selective or neuronal subtype-specific patterns are likely to be important. Transcription factors (TFs) are known to play pivotal roles in processes including the early patterning, sequential generation, arealization, dendritic morphology, and axonal connectivity of distinct neuronal cell types (Guillemot, 2007; Hevner et al., 2006; Hébert and Fishell, 2008; Jessell, 2000; Kwan et al., 2012b; MacDonald et al., 2012; Mallamaci and Stoykova, 2006; Monuki and Walsh, 2001; O'Leary and Sahara, 2008) . In the neocortex, a number of layer-and neuronal subtype-specific TFs have been identified and characterized (Gray et al., 2004; Kwan et al., 2012b; MacDonald et al., 2012; Molyneaux et al., 2007) .
Here, I will discuss four transcriptional mechanisms critical to neocortical development that have been implicated in ASD. As revealed by recent genetic findings, there exists considerable overlap of risk-carrying genes in disorders that are phenotypically distinct (Marshall et al., 2008; Mefford et al., 2010; Smoller et al., 2013; State and Šestan, 2012) . Genes that have been implicated in ASD have also been consistently implicated in epilepsy, intellectual disability, schizophrenia, and bipolar disorder, suggesting that shared genetic liabilities can lead to diverse clinical manifestations. Therefore, in my discussion of genetic findings below, studies of neuropsychiatric disorders in addition to ASD will also be included.
TBR1
T-box brain factor 1 (TBR1) encodes a T-box-containing transcription factor that controls multiple processes during the assembly of neocortical circuits. The spatiotemporal expression of TBR1 is consistent with its roles in regulating the laminar and regional identity and axonal pathfinding of early-born projection neurons ( Fig. 3 ) (Bedogni et al., 2010; Han et al., 2011; Hevner et al., 2001; McKenna et al., 2011) .
Genetic evidence implicating TBR1 in ASD has been reported by several groups (Fig. 4) . Recently, four 2q24 microdeletion cases in which disruption of TBR1 is shared were reported (Traylor et al., 2012) . These patients exhibited severe speech and language difficulties, autistic-like behavioral problems, and moderate to severe intellectual disability. Additionally, larger interval deletions that included TBR1 have been reported (Krepischi et al., 2010; Magri et al., 2011; Palumbo et al., 2012; Takatsuki et al., 2010) . Delayed or absent speech and language and intellectual disability were shared by all of the reported cases. In addition to copy number variants (CNVs), other de novo mutations have also been found in ASD cases. A recent, trio study using the Simon's collection of simplex families (Fischbach and Lord, 2010) , reported a heterozygous de novo frameshift mutation (Ala136ProfsX80) that leads to a premature stop codon (O'Roak et al., 2012b) . As the entire T-box domain critical for DNA binding is truncated as a result, the mutant allele is not expected to be able to express functional TBR1 protein. Subsequent analyses from the same group by targeted re-sequencing in additional ASD cases further revealed two novel single nucleotide variants (SNVs) within the coding region (O'Roak et al., 2012a) . The first (Lys228Glu) is a missense mutation that affects a highly conserved residue within the T-box domain. The second (Ser351X) is a nonsense mutation that truncates a significant portion of the T-box domain. Both of these variants are predicted to be highly deleterious to protein function.
Additional evidence of TBR1 involvement in molecular pathways relevant to ASD includes its regulation of Autism susceptibility candidate 2 (AUTS2) and Reelin (RELN) (Bedogni et al., 2010; Hevner et al., 2001) . Rare mutations in AUTS2 have been identified in ASD in studies from numerous groups (Ben-David et al., 2011; Huang et al., 2010; Kalscheuer et al., 2007; Prasad et al., 2012; Sultana et al., 2002; Talkowski et al., 2012) . AUTS2 was further identified as a hypermutable ASD-associated gene (Michaelson et al., 2012) . The expression of Auts2, which is highly enriched in frontal neocortex, is dependent on Tbr1 (Bedogni et al., 2010) . In the Tbr1 null mouse, Auts2 expression is severely decreased, suggesting that loss of AUTS2 may contribute mechanistically to TBR1 dysfunction in ASD. TBR1 further controls the expression of Reln (Hevner et al., 2001) . Association studies have repeatedly implicated RELN in ASD (Holt et al., 2010; Kelemenova et al., 2010; Li et al., 2008; Persico et al., 2001; Serajee et al., 2006; Skaar et al., 2005) . Furthermore, rare variants in RELN have also been identified (Neale et al., 2012) . In the Tbr1-deficient neocortex, the early expression of Reln in Cajal-Retzius neurons of the MZ is greatly reduced (Hevner et al., 2001) , suggesting an additional candidate mechanism by which TBR1 may contribute to ASD.
The expression and function of Tbr1 may provide key insights into the neurobiology of ASD. The expression of TBR1 is highly enriched in the developing neocortex ( Fig. 3 ) (Hevner et al., 2001) , which is consistent with a contribution of neocortical dysfunction to ASD. Within the neocortex, TBR1 expression is restricted to the corticothalamic projection neurons of L6 and the SP, and to the CR neurons of the MZ from an early embryonic age (~E12.5) (Han et al., 2011; Hevner et al., 2001; McKenna et al., 2011) . TBR1, however, is absent from VZ and SVZ progenitor cells, and therefore functions post-mitotically in neurons after their terminal division and during their differentiation. In the neonatal mouse cortex, TBR1 is absent from the upper-layer neurons that contribute to the majority of callosal axons. During the first post-natal week, however, a number of upper-layer neurons begin to upregulate TBR1 expression (Han et al., 2011; Hevner et al., 2001; McKenna et al., 2011) . This upper-layer expression of TBR1 likely serves functions in addition to its roles in early-born neurons. Accordingly, TBR1 expression in the upper layers is required for upperlayer Auts2 expression (Bedogni et al., 2010; Srinivasan et al., 2012) .
Consistent with its expression in a subset of early-born neocortical neurons, TBR1 controls the formation of early corticofugal circuits. Tbr1 is required for the normal formation of the corticothalamic tract, which originates mostly from L6 and SP neurons, the early-born cells in which TBR1 is highly expressed (Han et al., 2011; Hevner et al., 2001; McKenna et al., 2011) . Furthermore, a recent study showed, in number of mouse mutants, that the expression of TBR1 consistently correlates with subcortical axons innervating the dorsal thalamus (Srinivasan et al., 2012) , corroborating Tbr1 as a key regulator of corticothalamic connectivity. TBR1 executes this function, at least in part, by suppressing the expression of Fez family zinc finger 2 (Fezf2, formerly Fezl and Zfp312) and B cell leukemia/lymphoma 11B (Bcl11b, formerly Ctip2), which are determinants of L5 subcerebral projection neurons Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) , to low levels in L6 and SP corticothalamic neurons (Han et al., 2011; McKenna et al., 2011) . In the Tbr1 null neocortex, L6 and SP neurons, as a result of ectopic upregulation of high Fezf2 expression, misroute their corticothalamic axons to aberrantly innervate the corticospinal tract (Han et al., 2011; McKenna et al., 2011) . Conversely, when Tbr1 is misexpressed in L5 corticospinal neurons, it represses L5 molecular identity and abolishes the formation of the corticospinal tract (Han et al., 2011; McKenna et al., 2011) . Therefore, TBR1 deficiency disrupts two key aspects of corticofugal projections, nearly abolishing neocortical connectivity with the thalamus and leading to an ectopic tract that incorrectly innervates the spinal cord.
In addition to corticofugal connectivity, TBR1 is also required for normal intracortical connections. In the Tbr1-deficient cortex, callosal axons fail to cross the midline, and instead form Probst bundles (Hevner et al., 2001 ). As discussed above, alterations to the integrity of the corpus callosum are often reported in ASD (Ingalhalikar et al., 2011; Kumar et al., 2010; Lange et al., 2010; Lee et al., 2007; Nagae et al., 2012; Shukla et al., 2010; Sundaram et al., 2008; Weinstein et al., 2011; Wolff et al., 2012) . This role of TBR1 in callosal connections, therefore, may be a contributory mechanism to TBR1 dysfunction in ASD in addition to TBR1 control of corticofugal connectivity. In the post-natal neocortex, upper-layer intracortical neurons up-regulate TBR1 expression (Han et al., 2011; Hevner et al., 2001; McKenna et al., 2011) . Therefore, TBR1 may function cell-autonomously in callosal neurons. Consistent with this possibility, the expression of TBR1 in upper-layer neurons is sufficient to rescue the callosal defects observed in the Satb2 mutant neocortex (Srinivasan et al., 2012) , which is further discussed below. An additional explanation, however, may be found in TBR1 regulation of early SP circuits, which are known to orchestrate the development of both callosal and corticofugal connectivities (Allendoerfer and Shatz, 1994; Del Río et al., 2000; Herrmann et al., 1994; Rakic, 1980, 1990; Molliver et al., 1973; Rakic, 1976 ).
The SP is a transient zone in the developing neocortex in which some of the earliest synapses and pioneering circuits develop (Allendoerfer and Shatz, 1994; Del Río et al., 2000; Herrmann et al., 1994; Rakic, 1980, 1990; Molliver et al., 1973; Rakic, 1976) . The SP, the thickest zone in the human mid-fetal cerebral wall, is thought to play critical roles in the migration and synaptogenesis of CP neurons, as well as in the assembly of proper neocortical efferent and afferent axonal projections. Examination of Tbr1-deficient mice revealed a severe disruption of SP formation, which is part of a complex mismigration phenotype that is distinct compared to the wholly inverted cortex of the Reeler mutant (Rice and Curran, 2001 ). In the Tbr1 null neocortex, early-born SP neurons form an ectopic band in the center of the CP. This "mid-plate" exhibits a rostral-caudal gradient, being more deeply positioned in the rostral cortex (Han et al., 2011; Hevner et al., 2001 ). These arealdependent migration defects are consistent with a role of Tbr1 in the control of regional identity (Bedogni et al., 2010) . In addition to mismigration of SP neurons, L5 neurons are also disrupted, being more widely distributed throughout the CP, whereas upper-layer neurons are distributed bimodally, with a majority positioned below the ectopic band of SP neurons (Han et al., 2011; Hevner et al., 2001 ). These complex migration defects suggest that, other than regulation of Reln expression, Tbr1 is likely to control migration via additional mechanisms.
Interestingly, consistent with the central role of SP in orchestrating cortical connectivites, recent data have implicated SP in ASD. Comprehensively profiling of gene expression in the mouse SP through multiple developmental ages was combined with network analysis, which unbiasedly revealed a significant enrichment of ASD-and schizophrenia-implicated genes being expressed in the SP (Hoerder-Suabedissen et al., 2013) . These data suggest the possibility that disruption of early pioneering SP circuits can ultimately lead to wider alterations of neocortical organization and circuitry in disease and is further consistent with SP defects as an addition contributory mechanism of TBR1 deficiency in ASD.
SOX5
Sex determining region Y-box 5 (Sox5) encodes a member of the large family of SOX transcription factors that play key roles in diverse cellular functions, including sex determination, stem cell maintenance, and cell fate specification (Lefebvre et al., 2007) . Although Sox5 phenotypes exhibit key differences compared to Tbr1, Sox5 is also required for multiple neocortical developmental processes, such as the molecular specification and positioning of early-born neurons, and development of corticofugal projections Lai et al., 2008) .
Genetic evidence implicating SOX5 contribution to ASD includes multiple studies of CNVs (Fig. 5) . SOX5 is affected by microdeletions in numerous cases of ASD and ID (Lamb et al., 2012; Rosenfeld et al., 2010; Schanze et al., 2013; Talkowski et al., 2012) . The deletion intervals in the majority of the reported cases are small and restricted to SOX5. At least 10 reported intragenic microdeletions affect either the HMG box, which is required for DNA binding, or the coiled-coil domain, which is necessary for homo-and heterodimerization (Lefebvre et al., 2007) , and are therefore predicted to be highly deleterious. Many of these patients suffer from speech and language delays, moderate to severe intellectual disability, and behavioral deficits that include autistic-like features and stereotypies (Lamb et al., 2012; Rosenfeld et al., 2010; Schanze et al., 2013; Talkowski et al., 2012) . Furthermore, several cases of larger deletions that span beyond the entire SOX5 gene have also been reported (Gläser et al., 2003; Lu et al., 2009; Nagai et al., 1995; Stumm et al., 2007) . In addition to CNVs, SOX5 interruption by chromosomal rearrangement has been reported in ASD . With a breakpoint located between the HMG box and coiled-coil domain, this t(11;12)(p13;p12.1) translocation is also predicted to lead to SOX5 loss-offunction.
The expression pattern of SOX5 suggests that it plays a role in establishing early neocortical circuits, perturbations of which may contribute to ASD (Fig. 3) . In the embryonic neocortex, SOX5 expression is highly enriched in L6 and SP corticothalamic projection neurons and a subset of L5 subcerebral projection neurons, starting at around E14.5 Lai et al., 2008) . The absence of SOX5 from cortical VZ and SVZ progenitor cells throughout embryonic development indicates that it is likely to function post-mitotically Lai et al., 2008) .
Consistent with this spatiotemporal expression, Sox5 cell-autonomously controls the migration, differentiation, and axonal projections of these early-born neurons (Fig. 3) Lai et al., 2008) . Analysis of Sox5-deficient mice revealed marked disruption of layer-dependent corticofugal connectivities. In the absence of Sox5, the vast majority of corticothalamic axons arising from SP and L6 neurons fail to reach the dorsal thalamus and are instead misrouted to the hypothalamus . In addition, subcerebral axons originating from L5 neurons are greatly reduced, with projections to the pons and spinal cord, including the corticospinal tract, being nearly completely abolished . Interestingly, although Sox5 is required for the normal formation of the CST, its misexpression in upper layer neurons was not sufficient to respecify their projectional fate , suggesting that the role of Sox5 is not instructive. The corpus callosum, which is known to be altered in some cases of ASD, is grossly normal in the Sox5 null neocortex. The remarkable defects in corticothalamic and corticospinal projections in the Sox5 mutant mouse, however, are consistent with studies that show changes to the internal capsule in ASD, which indicate alterations to corticofugal connectivites (Ingalhalikar et al., 2011; Wolff et al., 2012) .
In addition to axonal projections, Sox5, like Tbr1, also regulates the molecular identities and positioning of early-born projection neurons. Consistent with its high expression in L6 and SP neurons, Sox5 is selectively required for their migration Lai et al., 2008) . In Sox5-deficient mice, L6 and SP neurons are unable to migrate past earlier-born neurons to settle more superficially, thus failing at this final step of neuronal migration. As a result, the deep cortical layers of the Sox5-null cortex exhibit a laminar inversion with some similarities to the Reeler phenotype (Rice and Curran, 2001 ). Interestingly, unlike Reeler and related mutants, the late-born neurons destined for the upper-layers are unaffected and migrate normally. Furthermore, in the Sox5-deficient neocortex, many SP neurons do not separate from the MZ, instead becoming ectopically positioned at the upper edge of L2 Lai et al., 2008) . This failure in PP splitting disrupts the proper formation of the SP and may affect its early pioneering circuits . Notably, in addition to wider migration defects in ASD (Wegiel et al., 2010) , aberrant cell clustering and supernumerary cells in LI and SP have been reported (Hutsler et al., 2007) . These findings suggest that defects in PP splitting may be present in rare ASD cases and that the migration defects that result from the absence of SOX5 may have potential relevance to ASD.
In addition to positioning, SOX5 also controls the molecular differentiation of L6 and SP neurons. SOX5 is required not only for the expression of connective tissue growth factor (Ctgf), a reliable marker of SP neurons, but also for the progressive downregulation of L5 marker genes Fezf2 and Bcl11b from L6 and SP neurons during late embryogenesis . In the absence of Sox5, L6 and SP neurons aberrantly maintain L5 marker expression and therefore express a combination of L5 and L6/SP molecular identities Lai et al., 2008) . Thus, changes to the morphological and molecular development of the SP, as well as its circuitry may further compound alterations of neocortical connectivities in Sox5 deficiency in ASD. As discussed above, the pioneering neurons of the SP play key roles in the organization and wiring of CP neuronal circuits (Allendoerfer and Shatz, 1994; Del Río et al., 2000; Herrmann et al., 1994; Rakic, 1980, 1990; Molliver et al., 1973; Rakic, 1976) . The control of SP positioning and differentiation represents a potential point of convergence between Tbr1 and Sox5 mechanisms and is consistent with a putative role of SP circuits in ASD, as suggested by the enrichment of ASD-implicated gene expression in SP neurons (Hoerder-Suabedissen et al., 2013) .
FEZF2
FEZ family zinc finger 2 (FEZF2, previously known as FEZL and ZFP312/ZNF312) is one of the first transcription factors shown to be a necessary and sufficient determinant of corticofugal connectivity (Fig. 3) (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . It encodes a zinc finger-containing nuclear protein (Hashimoto et al., 2000; Hirata et al., 2004) , that is functionally conserved at the protein level between fish and mammals (Shim et al., 2012) .
Genetic association has been reported between FEZF2 and ASD in two large cohorts of European ancestry and replicated in two additional cohorts (Fig. 6 ) ). This SNP occurs within the highly conserved proximal promoter region of FEZF2 that has been shown to be important to drive neocortical gene expression (Hirata et al., 2006) . Interestingly, the major allele (T) seems to have a recent evolutionary origin, having emerged in primates, within which it has become highly conserved, likely after purifying selection (Fig. 6) . Importantly, the allele associated with ASD (C) represents a reversion to the ancestral non-primate allele. Although it is quite possible for this basepair substitution itself to have a functional consequence on FEZF2 gene expression, it may also represent a reversion to a more ancient haplotype that may have additional functional changes. Furthermore, a rare mutation in FEZF2 has been identified in ASD (Sanders et al., 2012) . This missense mutation alters an arginine residue that is highly conserved in mammalian and avian species and the mutated cysteine residue is predicted to be highly deleterious to the zinc finger domain critical for protein function.
Further evidence of FEZF2 contribution to molecular pathways of ASD includes its regulation of the expression TBR1 (Chen et al., 2005b) , whose role in neocortical development and ASD was discussed above. In addition, Fezf2 is required for the neocortical expression of Forkhead box P2 (FOXP2) (Chen et al., 2005a; Molyneaux et al., 2005) , the disease-causing gene of a severe speech and language disorder (Lai et al., 2001) thought to be important to the emergence of human speech (Enard et al., 2002; Konopka et al., 2009 ). FOXP2 and related FOXP genes have been implicated in ASD (Bowers and Konopka, 2012; Girirajan et al., 2013; Hamdan et al., 2010; O'Roak et al., 2011; Palumbo et al., 2013; Schaaf et al., 2011) , and are discussed in depth in Chapter 4 of this volume.
As a key determinant of corticofugal connections, FEZF2 may be important to cortical circuits relevant to ASD in several ways. Starting from an early developmental age (~E10.5) Fezf2 is expressed exclusively in the corticofugal projection neurons of the deep cortical layers and the early (~E10.5-E13.5) embryonic progenitor cells that generate these neurons (Fig. 3) (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . It is absent from the intracortical projection neurons, in upper or deep layers, and in the late (>14.5) VZ progenitors that give rise to upper-layer neurons. Within the deep layers, Fezf2 is most highly expressed in L5 subcerebral neurons and less strongly expressed in L6 corticothalamic neurons (Chen et al., 2005b) . The exclusivity of Fezf2 expression in corticofugal projection neurons, and its graded expression levels in different corticofugal subtypes (i.e. corticospinal versus corticothalamic) suggests that Fezf2 expression is under very precise gene regulation and that this regulation is likely to have a functional significance (Chen et al., 2005b; Kwan et al., 2012b) .
Consistent with this highly specific expression pattern, Fezf2 regulates the molecular specification and axonal projections of deep-layer subcortical projection neurons (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . Fezf2 is required for the early specification of L5 molecular identity. In the absence of Fezf2, the expression of Bcl11b, Etv1, Foxo1, Crym, Diap3, Clim1, Crim1 , and other L5 markers are lost or severely reduced (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . Accordingly, Fezf2 is necessary for the formation of the corticospinal tract that originates from these neurons. When Fezf2 is genetically removed (Chen et al., 2005a; Molyneaux et al., 2005) or knockeddown by RNAi (Chen et al., 2005b) , corticospinal axons fail to enter the pons or spinal cord and some of these axons aberrantly invade the anterior commissure (Chen et al., 2005a; Molyneaux et al., 2005) . Fezf2, however, is not only necessary for normal corticospinal tract formation, but also sufficient to induce it ectopically. When Fezf2 is specifically misexpressed in upper-layer neurons that normally project only intracortically, ectopic subcortical projections to the pons and spinal cord originate from these neurons (Chen et al., 2005b) . Furthermore, Fezf2 is sufficient to reprogram intracortical projection neurons to project subcortically in the early post-natal neocortex (De la Rossa et al., 2013; Rouaux and Arlotta, 2013) . In addition to L5 identity and projections, Fezf2 also controls the molecular development of L6 neurons and their corticothalamic projections (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . Furthermore, Probst bundles containing callosal axons that are unable to cross the midline have been reported in the Fezf2 null cortex (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . Although this Fezf2 phenotype may not be cell autonomous, changes in callosal connectivity can contribute to circuit alternations relevant to ASD. Furthermore, the loss of subcerebral connectivity in the absence of Fezf2 is consistent with reduced internal capsule innervation reported in some ASD patients (Ingalhalikar et al., 2011; Wolff et al., 2012) .
These diverse roles of Fezf2 on axon projections are mediated by its involvement in complex transcription networks that mediate multiple aspects of neocortical development Han et al., 2011; Kwan et al., 2008; Leone et al., 2008; McKenna et al., 2011; Shim et al., 2012; Srinivasan et al., 2012) . These networks include direct and indirect interactions between FEZF2 and SOX5, TBR1, and SATB2, the other ASD-implicated TFs discussed in this chapter. This central role of FEZF2 in neocortical transcriptional networks is consistent with its high intramodular connectivity in a gene co-expression network, the cortical development module, assembled unbiasedly from the developing human brain transcriptome (Kang et al., 2011) .
Interestingly, Fezf2 may further contribute to circuit assembly by regulating the morphological development of dendrites in projection neurons. When Fezf2 is silenced, the complexity of the basal dendritic arbors and the number of dendritic spines are both reduced (Chen et al., 2005b) . Furthermore, the vertical orientation of the apical dendrites is also disrupted. These post-synaptic changes may further add to circuits alterations in the absence of Fezf2. Consistent with a potential contribution to ASD, dendritic and spine morphologies are often disrupted in ASD and animal models of ASD (Comery et al., 1997; Hutsler and Zhang, 2010; Irwin et al., 2000) .
Unlike Tbr1 and Sox5, Fezf2 is not required for the migration of projection neurons. The layer-dependent arrangement and positioning of projection neurons exhibit no alternations in the absence of Fezf2 (Chen et al., 2005a; Chen et al., 2005b; Molyneaux et al., 2005) . Interestingly, Fezf2 can indirectly control the layer distribution of specific subpopulations of cortical interneurons (Lodato et al., 2011) . In the Fezf2-null cortex, the number of interneurons of certain subtypes is specifically reduced in L5, indicating that loss of Fezf2-dependent L5 identity alters the distribution of subclasses of interneurons (Lodato et al., 2011) . As discussed above, interneurons are critical to the balance between excitation and inhibition in the neocortex (Rubenstein and Merzenich, 2003) . Therefore, their disruption in the absence of Fezf2 may further contribute to ASD.
SATB2
Special at-rich sequence-binding protein 2 (SATB2) is a DNA-binding protein that interacts with DNA matrix attachment regions (MARs) to alter gene expression by inducing local chromatin remodeling. In contrast to TBR1, SOX5, and FEZF2, SATB2 controls the expression profiles, migration, and connectivity of intracortical projection neurons (Fig. 3 ) Britanova et al., 2008) .
Numerous mutations, including CNVs, SNVs, and chromosomal rearrangements that disrupt SATB2 have been reported in ASD cases (Fig. 7) . In one of the earlier studies of CNVs in ASD, a balanced translocation, t(2;6)(q32;p22), that interrupts SATB2 was described (Marshall et al., 2008) . A more recent study found an additional balanced translocation, t(2;6)(q33;q21), that disrupts SATB2 in a case of ASD . Further study from the same group identified five intragenic deletions that affect the CUT domain critical for DNA binding in cases of ASD and other neurodevelopmental disorders . Three additional intragenic deletions have been found to underlie a 2q32q33 microdeletion syndrome characterized by severe intellectual disability (Rosenfeld et al., 2009 ). Furthermore, a nonsense mutation (Arg239X) positioned upstream of the CUT domain (Leoyklang et al., 2007) and a missense mutation (Val381Gly) that alters a wellconserved residue within the CUT domain (Rauch et al., 2012) have been found in cases of intellectual disability. A recent ASD study using whole genome sequencing further identified an inherited rare missense variant (Pro655Ser) (Jiang et al., 2013 ) that affects a residue that is conserved in mammalian and avian species. Together, these data support the possibility that loss of SATB2 function can contribute to ASD.
There is additional evidence of Satb2 involvement in ASD-related molecular pathways. Satb2 controls the layer-dependent expression of the ASD-associated gene Auts2 and may do so via its control of Tbr1 (Srinivasan et al., 2012) , itself an ASD-implicated gene as discussed above. Together with its interactions with several key transcriptional determinants of neocortical development, including Fezf2, Bcl11b, and basic helix-loop-helix family, member e22 (Bhlhe22, also Bhlhb5) (Srinivasan et al., 2012) , which are discussed below, Satb2 may occupy a central position in transcriptional networks relevant to ASD. Consistent with this possibility, SATB2 is also a highly connected hub gene in a gene co-expression network that contains FEZF2, SOX5, and TBR1 (Kang et al., 2011) .
SATB2 controls multiple processes required for the formation of intracortical circuits that may be relevant to ASD (Fig. 3) . The expression SATB2 is greatly enriched in the intracortical projection neurons positioned in L2-L5 Britanova et al., 2008) . This expression starts in post-mitotic neurons at around E13.5 as they migrate away from VZ and SVZ enroute to their layer destination. Consistent with its expression, Satb2 controls the molecular and axonal development of these projection neurons Baranek et al., 2012; Britanova et al., 2008; Srinivasan et al., 2012) . In the absence of Satb2, the molecular profiles of upper layer neurons are greatly altered, including the expression of layer-specific markers of intracortical projection neurons. Cut-like homeobox 2 (Cux2), caderhin 10 (Cdh10), and RAR-related orphan receptor beta (Rorb) are severely reduced in the Satb2-deficient neocortex . In addition, Satb2 regulates, in a layer-dependent manner, the expression of Bhlhe22 (Srinivasan et al., 2012) , which encodes a transcription factor that post-mitotically controls neocortical areal identity (Joshi et al., 2008) . Furthermore, Satb2 suppresses the aberrant expression of other layer markers.
In Satb2-null mice, the expression of L5 subcortical neuronal marker Bcl11b is de-repressed, and thus ectopically upregulated in the upper cortical layers Britanova et al., 2008) .
Accompanying these alterations in molecular identity, intracortical projection neurons aberrantly project their axons to subcortical brain structures in the absence of Satb2. This leads to the agenesis of the corpus callosum and a misrouting of callosal axons to the anterior commissure Britanova et al., 2008) . Unlike mutants in which callosal defects occur secondary to structural changes in the brain, such as the absence of a glial sling or other midline structures, callosal agenesis in the Satb2-null neocortex was not associated with Probst bundles, which suggests that Satb2 is a cell-autonomous determinant of intracortical connectivity. Consistent with this possibility, this role of Satb2 is mediated, likely cell-autonomously, by its control of axonal guidance molecules in upper-layer neurons. In the Satb2 mutant neocortex, the upper-layer expression of Eph receptor A4 (EphA4), plexin A4 (PlxnA4), and unc-5 homolog C (Unc5c, also known as Unc5H3) is reduced (Srinivasan et al., 2012) . Notably, the callosal defects that result from the absence of Satb2 can be rescued by re-expression of EphA4 or Unc5c, or Tbr1, the upper-layer expression of which may play a cell-autonomous role in specifying callosal connectivity (Srinivasan et al., 2012) . As discussed above, defects in intracortical connectivity, including callosal projections, have been consistently implicated in ASD (Ingalhalikar et al., 2011; Kumar et al., 2010; Lange et al., 2010; Lee et al., 2007; Nagae et al., 2012; Shukla et al., 2010; Sundaram et al., 2008; Weinstein et al., 2011; Wolff et al., 2012) . These defects in the Satb2-deficient neocortex, therefore, are consistent with the potential contribution of SATB2 to ASD-relevant neural circuits. In addition, Satb2 controls the dendritic arborization and soma density of upper-layer neurons (Zhang et al., 2011) , which may further contribute to the overall development of input and output connections in intracortical circuits. This role of Satb2 is also consistent with the disruption of dendritic spine morphology in ASD (Comery et al., 1997; Hutsler and Zhang, 2010; Irwin et al., 2000) .
In addition to axonal projections, Satb2 further regulates neuronal migration (Fig. 3) . Similar to its control of molecular identity and connectivity, this role of Satb2 is also layerdependent. In Satb2-deficient mice, the migration of early-born neurons to the SP and deep cortical layers is unaffected. In contrast, a significant proportion of late-born neurons destined for the upper layers are stalled in the IZ, being unable to enter the CP Britanova et al., 2008) . This neuronal migration defect, however, was restricted to the perinatal ages, as these defects are corrected within the first post-natal week, with the majority of late-born neurons eventually arriving at their normal upper layer positions (Britanova et al., 2008; Zhang et al., 2011) . These data suggest that, in the absence of Satb2, neuronal migration is not altogether defective, but rather, delayed. This delay is distinct from the neuronal migration defects described for Tbr1 and Sox5, as well as those reported in post-mortem ASD brains (Wegiel et al., 2010) . Whether delay of neuronal migration is present in ASD, however, might not be readily assessed by examination of post-mortem adult brains, as this defect is only transiently present during development. Although the presence of this defect in ASD remains to be fully examined, incorrect timing of the arrival of projection neurons to their CP destination can have functional consequences on neuronal circuits. The wiring of neocortical circuitry involves a highly-coordinated series of events. The early-postnatal ages in mouse neocortical development, which is approximately equivalent to mid-fetal development in the human neocortex (Clancy et al., 2007) , represent a period of significant synaptogenesis and a time when both efferents and afferents tracts are being assembled. A delay in the arrival of neurons to the upper layers, therefore, can alter the formation of key neocortical circuits and contribute to neocortical miswiring in ASD.
Discussion
As the pace of genetic discoveries accelerates, functional studies are required to understand how alterations in candidate risk genes can contribute to ASD. Mechanistic studies of ASD neurobiology, however, are challenging not only because of the significant degree of phenotypic and genetic heterogeneity, but also because the complex cognitive and social deficits in ASD cannot be readily modeled in rodents.
Genetic studies in mice, however, do have the potential to illuminate mechanisms of neural circuitry assembly relevant to ASD. Many fundamental aspects of neocortical development are well conserved between rodent and primate species, including the establishment of primary neocortical areas and major axon tracts, and the genetic programs underlying their specification. Indeed, the layer-dependent expression patterns of the four transcriptional determinants discussed in this chapter (Tbr1, Sox5, Fezf2, and Satb2) are conserved between the mouse and human neocortices (Ip et al., 2011; Kwan et al., 2012a; Kwan et al., 2008; Saito et al., 2011 ). This suggests not only that their highly specific gene expression patterns are controlled by the same upstream transcriptional regulators in the two species, but also that their functions during neocortical development are shared. These common mechanisms should be amenable to being modeled in the mouse. Furthermore, although the mouse is an imperfect model, given the technical, logistical, and ethical considerations, no better alternatives exist for experimental interrogation of intact neural circuits.
Genetic removal of Tbr1, Sox5, Fezf2, or Satb2 from the mouse leads to profound defects in the neocortex, which are not observed in human ASD cases. It should be noted, however, that the mouse genetic studies discussed in this chapter involved the complete, homozygous removal of the genes of interest from the animal in order to reveal the most severe phenotypes. In human cases, these genes are likely to be affected less severely. Often, the reported ASD variants are SNVs or CNVs that do not remove the entire gene. Furthermore, all of the ASD cases discussed in this chapter are heterozygous at the locus in question, suggesting that one functional copy of the gene is present. Subtle alterations in gene dosage or functional capacity may more subtly affect neocortical circuit wiring in a manner consistent with ASD. In future experiments, recapitulating patient mutations in the mouse is likely to reveal mechanistic insights most relevant to human ASD.
Studies of mouse genetics have revealed diverse neocortical phenotypes in the Tbr1, Sox5, Fezf2, and Satb2 mutants. There are, however, points of convergence that may illuminate the biology of ASD.
First, relationships in gene function can be inferred based on gene expression patterns if the spatiotemporal expression data are sufficiently comprehensive. The unbiased assembly of gene co-expression networks from large datasets represents a powerful tool to uncover previously unrecognized functional relationships between genes (Konopka et al., 2012a; Oldham et al., 2008) . Network analysis of human brain transcriptome data revealed that TBR1, FEZF2, and SATB2 are not only present within the same cortical development module, but also exhibit high intramodular connectivity, being amongst the top 10 hub genes within the module (Kang et al., 2011) . These data indicate that during human brain development, TBR1, FEZF2, and SATB2 exhibit considerable spatiotemporal overlap not only with each other, which indicates related function, but also with many other genes within the module. The latter suggests the possibility that these TFs regulate, and perhaps co-regulate, a large number of genes within the cortical development module, which is consistent with their roles as key determinants in numerous aspects of neocortical development.
Second, recent evidence points to the presence of complex transcriptional networks in the specification of neocortical projection neuron identities and connectivities Han et al., 2011; Kwan et al., 2008; Leone et al., 2008; McKenna et al., 2011; Shim et al., 2012; Srinivasan et al., 2012) . The direct and indirect interactions between TBR1, SOX5, FEZF2, and SATB2 are emerging as important cross-regulatory mechanisms central to the establishment of distinct neuronal subtypes and projections. Perturbations of key determinants within this transcriptional network may alter or switch certain neuronal fates and disturb the fine balance between intracortical, corticofugal, and more subtle neuronal and projectional subtypes. Such changes are likely to have wider functional consequences on neocortical circuitry.
The convergence of TBR1, SOX5, FEZF2, and SATB2 in molecular pathways within the cortical development strongly implicates that they contribute to ASD by regulating the proper assembly of neocortical circuits. Future experiments aimed at the identification and characterization of effectors downstream of these transcriptional programs are expected to shed further light on pathways necessary for neocortical circuit assembly and relevant to ASD pathophysiology. Developmental expression of 15 select ASD risk genes in the human neocortex and other human brain regions. A collective upregulation in ASD risk gene expression (red arrowhead) is present during mid-fetal development in the neocortex but not other brain regions (data from Kang et al., 2011) . Neocortical development in the mouse. Prior to neurogenesis (<E10), neuroepithelial progenitors (NPs) divide mostly symmetrically in the ventricular zone (VZ). Starting at <E11, NPs assume radial glial morphology to become radial glia cells (RGCs), which divide asymmetrically to generate neurons and guide their migration to the mantle layers. The first projection neurons settle in the preplate (PP) to form the nascent cortical plate (CP), from which L2 to L6 would emerge. Incoming CP neurons segregate the PP into the marginal zone (MZ) and subplate (SP). Projection neurons are then generated sequentially through successive divisions of RGCs in the VZ, as well as neurogenic divisions of intermediate progenitors (IPs) in the SVZ. The generation of projection neurons and their migration into the CP occurs in an inside-first, outside-last manner; early-born neurons form the deep layers (SP, L6, L5), whereas later-born neurons migrate past older neurons to form more superficial layers (L4, L3, L2). At the end of neurogenesis, the radial scaffold is dismantled and gliogenesis occurs (>E17). Summary of TBR1 genetic findings. Summary of SOX5 genetic findings. Summary of SATB2 genetic findings.
